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Abstract 
Solid-state bonding or extrusion welding takes place during hot extrusion of hollow shapes. The weld integrity is critical for 
mechanical performance of the produced profiles. To evaluate the weld integrity, a novel modeling method using DEFORM ™ 
was proposed by Xu and Misiolek (2011) and modified in the present study. Metallurgical analysis of extruded magnesium 
alloy AM30 revealed two types of extrusion weld seams. The first seam type does not show a weld line which indicates perfect 
solid state bonding, and the second type contains a weld line, which could be a potential source of imperfections in the 
extrudate. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Nagoya University and Toyohashi University of Technology. 
Keywords: Extrusion; Extrusion welding; Solid state bonding; Finite element analysis; Microstructure characterization; Electron backscattered 
diffraction; Magnesium alloys 
* Corresponding author. Tel.: +0-000-000-0000 ; fax:+1-610-758-4244. 
E-mail address: wzm2@lehigh.edu 
 
 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Department of Materials Science and Engineering, Nagoya University
659 Nabeel Alharthi et al. /  Procedia Engineering  81 ( 2014 )  658 – 663 
1. Introduction 
Extrusion welding takes place during the manufacturing of hollow profiles made of lightweight alloys, such as 
aluminum and magnesium. For many industrial applications, a porthole die or a die with a mandrel is used. In hot 
extrusion with a porthole die, the billet material is separated by die arms into strands and then joined together by 
high temperature and pressure in the welding chamber. This joining process occurs as longitudinal solid-state 
bonding and is also known as extrusion welding. The quality of the extrusion welds in the extruded hollow shapes 
is precisely influenced by the pressure, temperature, velocity of the material inside the welding chamber and the die 
design. Sound extrusion welding takes place if the necessary pressure value for a given temperature is applied 
within the welding chamber for a sufficient length of time.  
Many studies reported in literature are focused on the quality of these longitudinal extrusion welds, sometimes 
referred to as seam welds. Zasadzinski, Richert, and Misiolek (1993) as well as Chakkingal and Misiolek (1998) 
evaluated extrusion welding in 6xxx aluminum alloys at different temperatures by using a  unique die and 
performed mechanical tests of material containing seam welds. They concluded that although the strength of welds 
increased after heat treatments, the weld region is generally weaker than the main part (without a weld) of the 
extrudate. Li et al. (2008) have studied the role of the extrusion temperature on weld integrity and showed that 
temperature is not a critical process parameter in terms of the weld quality. The authors also stated that the 
effective stress cannot be assumed as the only parameter determining the quality of the extrusion welds. According 
to Donati and Tomesani (2004), the most often used methods for testing quality of the extrusion welds are bending 
of the extruded profiles and tearing the joints by inserting shaped wedges into the hollow cavity. These typical 
industrial methods can only be utilized by a trial and error approach.   
Parallel to the physical modelling and analyses, the finite element method has been widely used in the extrusion 
process’ design and optimization. Numerical simulation by FEM provides localized process state variables such as 
temperature, strain, strain rate and stress which can be properly calculated step by step throughout the process.  
However, solid state bonding such as in extrusion welding was not taken into account in the past by the developers 
of most FE  packages (Ceretti et al., 2009) (Xu and Misiolek, 2011).  For instance, although DEFORM ™ is one of 
the most widely used commercial software packages finite element analyses of bulk metal forming processes, it 
was not capable of predicting weld formation and weld integrity in the extrusion process. Furthermore, it was not 
capable of generating the local state variables at extrusion welding interfaces. E Ceretti and C Giardini (2007) 
discussed this deficiency and developed an automatic procedure algorithm, which they implemented into 
DEFORM 2D software. However, the developed method only modifies the simulation of the welding seam and it 
cannot generate localized state variables. Xu and Misiolek (2011) proposed a new modelling method to overcome 
this software limitation. A so-called pressure plate was virtually inserted in the interface of the extrusion welding 
seam by attaching it to the port-hole die’s short mandrel as shown in Fig.1. The pressure plate played a role of a 
sensor and recorded all the process information at the extrusion welding line. Analytical methods were utilized to 
study the data collected from this sensor to evaluate the probability of the formation of the sound extrusion welding 
seam. Furthermore, the Plata and Piwnik (2000) criterion, Eq. (1), which is the ratio of the normal pressure (P) to 
HIIHFWLYHVWUHVVıwas employed in this work for data analysis. 
     ׬ ௉
ఙ
௧
଴ ݀ݐ ൒ ܥܱܵܶ,            (1) 
where t is the contact time, P is the normal pressure on the welding line, ı is the effective stress and COST is a 
constant value assures sound extrusion and is determined experimentally. According to Eq. (1), the ratio of normal 
pressure to HIIHFWLYHVWUHVV3ıis responsible for the welding quality in porthole extrusion. The objective of this 
work is to refine the proposed numerical model by Xu and Misiolek (2011) and overcome the high noise in the 
results. Further, the Plata and Piwnik (2000) criterion was used to study the effect of different billet temperatures 
and ram speeds on the ratio of normal pressure to effective stress 3ı 
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2. Modeling Approach 
The simulations were carried out in DEFORM ™ 2D software using AZ31 magnesium alloy as a billet material 
while tooling parts were modelled as rigid bodies. Table 1 shows the billet and tooling dimensions together with 
the values of key process parameters. In Xu and Misiolek (2011) work, the fixed plate was used as a sensor to 
collect the normal pressure and effective stress from the starting of metal joining at the tip of the short die mandrel 
throughout the welding chamber to the die exit. From the post-processing of DEFORM 2D simulations the data 
was extracted by using the point by point method. However, the results showed high noise because of the fixed step 
number used during the simulation. In this study, as a first task, the same approach was used but the noise has been 
minimized. The modified model has a changing step number during the ram travel. Also, the averages of state 
variables were taken for around 700 steps. The second task was to investigate the effect of different billet 
temperatures and ram speeds on welding quality in the porthole die extrusion.  
 
 
Fig.1. Developed model Fixed Pressure Plate in DEFORMTM 2D simulation (Xu and Misiolek, 2011). 
Table 1. Billet dimensions and process parameters used in numerical simulations. 
Billet length (mm) 400 
Billet diameter (mm) 200 
Total welding chamber height (mm) 35 
Effective welding chamber height (mm) 13 
Die bearing length (mm)  9.5 
Billet temperatures (°C) 430, 460, 490 
Die and container temperatures (°C) 430 
Ram speeds (mm/s) 1.32, 1.98, 2.64 
3. Results and Discussion 
The results of normal pressure and effective stress are presented in Fig.2 and Fig.3. The X axis is the distance 
from the first joining point within the welding chamber and the bearing land zone of the extrusion die. The 
distribution of the normal pressure inside the welding chamber and bearing land is represented on a pressure plate 
in Fig. 2.  It can be seen that the normal pressure distribution inside the welding chamber and in the die bearing 
zone is not uniform during the extrusion process. Moreover, it can be observed that the normal pressure and the 
effective stress reach a maximum level inside the welding chamber. This can be attributed to the complexity of the 
state of stress in the initiation of solid bonding, which requires a higher pressure to join the two metal streams.   
According to M. Plata and J. Piwnik (2000) criterion, the ratio of normal pressure to the effective stress is the 
key parameter controlling welding quality.  It can be seen in Fig.4 that the ratio of normal pressure to effective 
stress which remains almost constant for entire length of the effective welding chamber and bearing land except at 
the initiation of the bonding. These  results are in agreement with Li et al. (2008) where it was shown that the ratio 
remains almost constant for different temperatures along the extrudate’s length. The results showed that there is no 
significant change on the welding quality although the normal pressure decreases by the increase of billet 
temperature. In this study, the presented results show that there is no significant effect of different billet 
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temperature on the the ratio (P/ıDVVKRZQLQ Fig. 4. The findings agree with  Zasadzinski, Richert, and Misiolek 
(1993) and Chakkingal and Misiolek (1998)  where they studied the effect of temperature on extrusion welding and 
concluded that there was no direct correlation between welding temperature and the extrudates' mechanical 
properties. 
 
 
Fig. 2.  Normal pressure and effective stress distribution on pressure plate between the metal streams at ram speed 1.98 mm/sec and billet 
temperature 460°C.                                                                                             
 
In contrast, the effect of different ram speeds showed DQRWKHU EHKDYLRU RI WKH UDWLR 3ı LQ Fig. 5. It can be 
observed that the higher the ram speed the lower WKHUDWLR 3ı,QRWKHUZRUGV the increasing of the ram speed 
influences the welding quality negatively. This in a good agreement with Donati and Tomesani (2004) where the 
relationship is explained by a limited time provided for material bonding inside the welding chamber. 
 
 
 
 
Fig. 3. (a, b) Normal pressure and effective stress  at different billet temperatures and 1.98 mm/sec ram speed (c, d) Normal pressure and 
effective stress  at different ram speeds and 460°C billet temperature.       
(d) 
(b) (a) 
(c) 
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Fig. 4. 7KHUDWLRRIQRUPDOSUHVVXUHWRHIIHFWLYHVWUHVV3ıIRUGLIIHUHQWELOOHWtemperatures and 1.98 mm/sec ram speed. 
 
 
Fig. 5.  7KHUDWLRRIQRUPDOSUHVVXUHWRHIIHFWLYHVWUHVV3ıIRUGLIIHUHQWUDPVSHHGVDQGC billet temperature. 
A metallurgical investigation of extrusion welding was carried out on hollow profiles of magnesium alloy 
AM30, which is similar to alloy AZ31 (Luo and Sachdev, 2007). Two distinct types of weld seams were observed 
under light optical microscopy, as shown in Fig. 6 Alharthi and Misiolek (2013). It is hypothesized that the 
extrusion weld that does not show a weld line represents a preferred interface, while the weld line may change the 
local mechanical properties and therefore act as an imperfection in the extruded profile.  
Fig .6. Light optical micrographs of two distinct extrusion weld seams observed in AM30 showing (a) no weld line and (b) a distinct weld line 
(Alharthi and Misiolek 2013).  
 
Electron Backscatter Diffraction (EBSD) was carried out to compare the two types of extrusion welding 
observed in a similar fashion to Geertruyden, Claves, and Misiolek (2002) in extruded aluminium alloys. Fig. 7 
shows grain orientation maps of the two distinct extrusion weld types observed in the AM30 extrudate. Initial 
results suggest that the interface without a weld line shows a fairly strong ۃ21ത1ത0ۄ orientation while the interface 
with a weld line exhibits a ۃ101ത0ۄ orientation. Work surrounding this observation is currently being conducted to 
relate these results to the mechanical integrity of the different weld types.  
     
Fig. 7. Grain orientation maps obtained via EBSD of the two distinct extrusion weld seams observed in AM30 showing (a) no weld line and (b) 
a distinct weld line as seen in Fig.6. (a) and (b), respectively.  
(a) (b) 
[0001] 
(a) (b) 
10 μm 400 μm 
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4. Conclusion 
A numerical modelling approach, called pressure plate technique based on finite element simulation has been 
successfully modified.  Further, an investigation of the effect of different billet temperatures and ram speeds on the 
welding quality in hot extrusion is presented. The following conclusions based on the performed numerical 
simulations and verified by experimental data published in literature have been formulated: 
 
1) Normal pressure and effective stress distributions within the welding chamber and die bearing land is not 
uniform due the joining of the two metal strands. The normal pressure and effective stress’ values is 
decreased within welding chamber and bearing land to die exit which can be attributed to the complexity 
of the state of the stress the beginning of the joining process.  
2) In the beginning of the joining of metal streams within the welding chamber, the ratio of normal pressure 
to effective stress which is related welding quality was low, and then raised clearly for a short distance 
(approximately 3 mm after first joining point).  
3) As the billet temperature increase, the normal pressure and the effective stress decrease in a very similar 
manner witKLQWKHZHOGLQJFKDPEHUDQGGLHEHDULQJODQG+RZHYHUWKH3ıUDWLRDOPRVWUHPDLQVFRQVWDQW
up to the die exit. 
4) The normal pressure and effective stress increased with increasing ram speed. However, there is a slight 
GHFUHDVHLQWKH3ıUDWLR 
5) Initial metallurgical investigations of extrusion welding in alloy AM30 indicate that there are two distinct 
types of weld seams that form with unique microtexture.  
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